Highly sensitive nuclear spin detection is crucial in many scientific areas including nuclear magnetic resonance spectroscopy (NMR), imaging (MRI) and quantum computing. The tiny thermal nuclear spin polarization represents a major obstacle towards this goal which may be overcome by Dynamic Nuclear Spin Polarization (DNP) methods. The latter often rely on the transfer of the thermally polarized electron spins to nearby nuclear spins, which is limited by the Boltzmann distribution of the former. Here we utilize microwave dressed states to transfer the high (> 92 %) non-equilibrium electron spin polarization of a single nitrogen-vacancy center (NV) induced by short laser pulses to the surrounding 13 C carbon nuclear spins. The NV is repeatedly repolarized optically, thus providing an effectively infinite polarization reservoir. A saturation of the polarization of the nearby nuclear spins is achieved, which is confirmed by the decay of the polarization transfer signal and shows an excellent agreement with theoretical simulations. Hereby we introduce the Polarization readout by Polarization Inversion (PROPI) method as a quantitative magnetization measure of the nuclear spin bath, which allows us to observe by ensemble averaging macroscopically hidden polarization dynamics like Landau-Zener-Stückelberg oscillations. Moreover, we show that using the integrated solid effect both for single and double quantum transitions nuclear spin polarization can be achieved even when the static magnetic field is not aligned along the NV's crystal axis. This opens a path for the application of our DNP technique to spins in and outside of nanodiamonds, enabling their application as MRI tracers. Furthermore, the methods reported here can be applied to other solid state system where a central electron spin is coupled to a nuclear spin bath -e. g. phosphors donors in silicon and color centers in silicon carbide. *
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I. INTRODUCTION

Nuclear Magnetic Resonance (NMR) spectroscopy and Magnetic Resonance Imaging (MRI)
are well established methods in chemistry, biology and medicine. Both techniques require the detection of the low magnetic field generated by thermally polarized nuclear spins, which demand high static magnetic fields and large sample quantities. Dynamical nuclear spin polarization (DNP) has been developed to transfer the much higher thermal electron spin polarization to the nuclear spins, thus improving the NMR signal. Another important application of DNP is in the emerging field of quantum information processing and especially for the initialisation of solid state quantum simulators 1,2 . The improvement factor is usually limited by the ratio of the magnetic moments of the electron and nuclear spins, which determines the ratio of equilibrium polarization levels.
Although recently 3 a much larger enhancement was demonstrated using optically polarized electron spins out of thermal equilibrium, the technique relies on short-living radical triplet states, which limits its applications. A very promising DNP method is based on optically pumped NitrogenVacancy centers in diamond (NVs), where several demonstrations have been reported [4] [5] [6] [7] [8] , but they require very good alignment (below 1 • ) of the magnetic field along the NV's crystal axis. Here we report and evaluate several methods for polarizing nuclear spins using a single NV center, that are applicable at arbitrary magnetic field strengths and wide range of orientations. Furthermore, we demonstrate a method to read out the magnetization of the nuclear spin bath -Polarization readout by Polarization Inversion (PROPI), where we obtain the number of spin quanta transferred from the NV center to the nuclear spins.
The NV is a unique physical system which became a universal sensor for magnetic 9,10 and electric fields 11 and temperature 12,13 with nanometer spatial resolution. Single NVs can be observed and the electron spin of the triplet ground state can be optically polarized and read out. Recently it has been demonstrated that the electron spin polarization can be transferred from an ensemble of NVs to the surrounding 13 C nuclear spins in a bulk crystal using a specific experimental configuration, e. g. excited state level anti-crossing 6 , ground state level anti-crossing or nearest neighbor 13 C spins 7 . We have previously demonstrated by using proper microwave driving of the NV's electron spin, that polarization transfer can be achieved at arbitrary magnetic fields both for single 5 and ensemble of NVs 14 .
One of the main goals of diamond DNP is the polarization of nanodiamonds, which due to their bio-compatibility are well suited as hyperpolarized MRI tracers. However, as detailed in Ref. 15 , the polarization of nanodiamonds via NV centers requires novel approaches for DNP, due to the random orientation of the NV center axes and its large zero-field splitting. A new theoretical DNP method has been proposed, combining the electron spin triplet S = 1 properties of the NV center, specifically its double-quantum transition (DQT), with the integrated solid effect (ISE) 16, 17 . With these techniques an unprecedented level of robustness can be achieved, against misalignment of the externally applied static magnetic field with respect to the NV axis and against rotational diffusion of the NV. Usually experimental validation of DNP protocols can only be achieved in a macroscopic ensemble of nuclear spins via NMR, thus limiting the information about the dynamics due to ensemble averaging. The accessibility of a single NV, including its control and detection, makes it a unique test bed for the effect of manipulation and polarization of the surrounding nuclear spin environment and for testing of novel DNP schemes. However, the readout of the nuclear spin state and polarization remained an open challenge, due to the limited quantifiable information in methods such as linewidth narrowing 5 . Here we demonstrate novel methods on a single NV center, which can be used not only to polarize, but also to measure the nuclear spin bath quantitatively.
In Section II we present the NV's spin Hamiltonian and the general idea of our method. In
Section III we present measurement results when using a single quantum transition. Experimental data for polarization via the NV's double quantum transition and for misaligned magnetic field are presented in Section IV.
II. CONTROLLING THE NUCLEAR SPIN BATH
The physical system consisting of a single NV and a bath of N 13 C 13 C nuclear spins can be described by the following Hamiltonian ( = 1)
where D/2π = 2.87 GHz is the zero field splitting of the ground state, g = 2.003 is the Landé factor, µ B is the Bohr magneton, B = B x e x + B y e y + B z e z is the applied static magnetic field, though it should be noted that our methods can be applied at arbitrarily magnetic field strengths.
The z axis is taken to be along the NV crystal axis. MW pulses are applied on the electron spin resonance transition corresponding to NV nuclear spin state |m I = +1 . For the experiments presented in sections III and IV the magnetic field was aligned along z better than < 0.5 • . Results for a misaligned field are presented in the last part of section IV. We used various NV centers in different samples for our experiments, though for the results shown here the same NV center was used, in order to be able to compare quantitatively the different DNP methods. The measurements were performed on a home built confocal microscope.
The schematic of the pulse sequence used in our experiments for polarizing the nuclear spin bath and reading out its magnetization is depicted in figure 1 . At the beginning the nuclear spins are polarized in the |↓ state. After repeating the polarization sequence N times the nuclear spins are partially or fully inverted into the |↑ state depending on N . By polarization of the nuclear spin bath during the M cycles the nuclear spin bath is both initialized and read out. Hence, M has to be set to larger enough, so that the nuclear spin bath is completely polarized. At the start of the experiment at N, R = 1 (*) the nuclear spin bath is unpolarized, but due to larger number of repetitions of the measurements (R = 5 · 10 4 ) the first iteration can be neglected. pulse to polarize the NV center into the |m s = 0 state, followed by a series of microwave (MW) pulses to transfer the polarization to the surrounding nuclear spins, which are coupled to the NV.
The region where this hyperfine interaction is stronger than the coupling among the nuclear spins and is often referred as the "frozen core" and also named "spin diffusion barrier" 18 . We will name it "interaction region". Theoretical simulations show that in our experiments all nuclear spins with a coupling up to about 10 kHz to the NV center become completely polarized and nuclear spins coupled from 2 kHz to 10 kHz are partially polarized. Weakly coupled ones are not affected at all, but can be polarized via nuclear spin diffusion when the NV's electron spin is initialized into the |m S = 0 state.
The pulse sequence is repeated N times, resulting in a polarization the nuclear spin bath in the |↑↑↑ ... state, where the states |↑ and |↓ are defined to be respectively parallel and anti-parallel to the applied static magnetic field B. In order to read out the nuclear spin bath, we apply another sequence, where we invert the nuclear spins into the |↓ state, see figure 1, right. By polarizing the nuclear spins in the opposite direction, compared to the previous sequence and reading out the NV state optically, we are able to read out their magnetization quantitatively, see next section. In other words with the help of the NV center's electron spin we manipulate the nuclear spin environment and the back action of the latter on the NV is our signal. After normalizing the signal, we obtain the average number of spin quanta transferred from the NV to the nuclear spins, which is confirmed by theoretical simulations. We call this method Polarization readout by Polarization Inversion (PROPI). A typical experimental result after applying both pulse sequences is shown in figure 2b & c, see also next section.
III. POLARIZATION METHODS USING SINGLE QUANTUM TRANSITIONS (SQT)
A. Nuclear Spin Orientation via Spin Locking (NOVEL)
First we demonstrate our method using the NOVEL DNP technique. Here the transfer of polarization from the NV's electron spin to the nuclear spins is realized via a spin locking experiment 5, 14, 19 . The pulse sequence is depicted in figure 2a . After initializing the NV in the |m s = 0 state, we align its spin along the y axis of the Bloch sphere with a π/2 pulse, where it remains as long as the spin locking pulse is on (10 µs in our case) or until relaxation becomes important. During the spin locking pulse, the system is in the dressed state basis and the electron and nuclear spin flip-flop processes are energetically allowed. Afterwards we apply another π/2 pulse to bring the NV spin back to the |0 , |1 basis, where its state is read out optically. The readout process is not part of the polarization protocol, but is used here to study the efficiency of the methods. A spin flip-flop process between the electron and nuclear spins occurs when the Hartmann-Hahn condition is fulfilled 20
where Ω 1 = gµ B B 1 / is the Rabi frequency of the spin locking pulse with the magnetic field amplitude B 1 of the applied microwave. ω
is the Larmor frequency of the 13 C nuclear 
B. Integrated solid effect (ISE)
We have previously demonstrated both experimentally 14 and theoretically 15 that by using the Integrated Solid Effect (ISE) 16 electron spin polarization from an ensemble of NVs can be transfered to the surrounding 13 C nuclear spins. In this technique instead of a constant MW frequency, a frequency sweep over the electron spin resonance is used, which results in transfer of polarization.
The effective Hamiltonian of this experiment considering an NV center coupled to a single nuclear spin can be written as 14 
On the other hand v should not be too small to avoid adiabaticity for the flip-flop transition. In figure 4 we show how the polarization transfer depends on these parameters. In these experiments the nuclear spin bath was polarized using the ISE pulse sequence shown in figure 4a. It starts with the usual laser pulse to initialize the NV followed by a MW chirp pulse where its frequency is changed over the resonance transition. After that the polarization is measured and reinitialized by applying the NOVEL pulse sequence with optimal parameters for M = 200. We observe that, by increasing the sweeping range, the polarization transfer improves until a saturation for f range > 10 MHz is reached (figure 4b). The maximum of the nuclear spin polarization is the same as in the NOVEL experiment (figure 3), showing that with both DNP methods similar nuclear spin polarization can be achieved. Due to the frequency sweep, ISE with the optimal parameters is about three times slower per polarization cycle than NOVEL, but it can be applied for broader spectral lines. An increase of the spin polarization transfer is also observed when the inverse sweeping rate 1/|v| is increased ( figure 4c ) and additionally the signal oscillates.
Similar effect is observed when the Rabi frequency is changed, see figure 4d , where the maximum polarization transfer is reached close to the Hartman-Hahn condition (equation 2).
The oscillating behavior in figure 4 ,d is attributed to Landau-Zener-Stückelberg oscillations 25, 26 , which is confirmed by the theoretical calculations (blue curves) using the Hamiltonian 3 with three nuclear spins, 20 polarization cycles (more cycles do not introduce changes) and no further free parameters. Such oscillations can only be observed in a single spin experiment, owing to the signal averaging in an ensemble experiment with many different nuclear spin environments.
IV. DNP USING THE DOUBLE QUANTUM TRANSITION (DQT)
One major drawback of NV centers in their application for DNP is that the electron spin polarization mechanism and its transition frequency depend on the orientation of the applied static magnetic field B with respect to the z axis (angle θ). In an ensemble of nanodiamonds each NV will have an arbitrary orientation, which may change over time and will lead both to significant broadening of the ESR line and to loss of ODMR contrast. In this case NOVEL cannot be used for DNP as it works in a narrow frequency range as shown in figure 3a . 
is the detuning from the DQT, and ∆ = (∆ 1 − ∆ −1 )/2 is the detuning from the |0 state, see figure 5a. As ∆ > Ω 1 , Ω −1 , the |0 state is detuned from the dynamics and we obtain an effective Hamiltonian for the {|−1 , |1 } subspace after adiabatic elimination of the |0 state
with σ z = 
A. NOVEL using DQT
The pulse sequence for the NOVEL experiment using the DQT is shown in figure 6a. After the initialization of the NV in |0 , we apply a π pulse on the |0 ↔ |−1 transition, followed by two pulses on both transitions, which serve as a DQ π/2 pulse. Afterwards we apply a DQ spin locking pulse, during which the NV's electron spin is in the dressed state basis. Then we transform back to the |0 , |−1 , |1 basis. The magnetization of the nuclear spin bath is read out by PROPI using a SQT-NOVEL sequence with M = 200. In figure 6b we compare the efficiency of the polarization transfer for SQT-NOVEL (blue curves) and DQT-NOVEL (red curves) as a function of the Rabi frequency. We observe, that for the DQT measurement spin flip-flop processes occur for a wider range of MW powers, compared to SQT-NOVEL. By increasing the length of the spin locking pulses, DQT reaches maximum earlier compared to SQT as shown in figure 6b . Both signals show oscillations, which are caused by the 13 C spins with the strongest coupling (compared to the rest of the nuclear spin bath) to the NV. The DQT shows the doubled frequency (60 kHz) compared to SQT (30 kHz), as expected from the theory (see equation 6) due to the twice larger magnetic dipole moment.
B. ISE using DQT
In the previous section we have shown polarization build up via the DQT-NOVEL method, but the resonance frequency range is limited (see figure 6b ). Here we implement ISE using the DQT, where both larger frequency range and robustness against misalignment of the magnetic field is expected. The pulse sequence used in the experiment is depicted in figure 7a . We have performed DNP experiments with θ = 5 • . In figure 7e we compare SQT ISE and DQT ISE showing how the polarization transfer depends on the frequency sweep range, which is centered around the new, misaligned resonance condition. We observe similar behavior compared to the aligned case. Beginning from a certain range, polarization is transfered from the NV to the nuclear spins, where for DQT ISE the required range is shorter than with SQT ISE. In order to measure this polarization transfer PROPI is used with optimal parameters of the NOVEL sequence. The signal obtained in the experiments is rather low, compared to the signal when the magnetic field is aligned. This effect is not due to low efficiency of the polarization transfer, but rather a result of the inefficient readout of the nuclear spin bath. Owing to misalignment induced loss of optical polarization efficiency and no nitrogen hyperfine spin state polarization 27 the ODMR contrast is approx. 10 fold reduced. These lead also to lower polarization efficiency in NOVEL which means that compared to the aligned case more polarization cycles (M = 300) are needed to reinitialize the spin bath. Due to the low signal the measurement time increased 100 times, thus allowing us to perform an experiment only for one off-axis angle of the magnetic field.
In addition to requiring a shorter sweep range as in the aligned case, DQT-ISE enables covering a larger angle misalignment for the same sweep range. As shown in figure 5c, in 1 T magnetic field, a 5 degree angle will correspond to barely a few MHz shift in the DQT resonance, compared to over 30 MHz for the SQT.
Conclusions
We presented a novel method for reading out bath's magnetization named Polarization readout by Polarization Inversion (PROPI) providing a measure of polarization of the nearby nuclear spins. With this technique we have evaluated new robust methods for controlling the nuclear spin bath ( 13 C nuclear spins) surrounding a central electron spin (single NV center). In contrast to previous reports, our polarization techniques can be applied at a wide range of magnetic fields and sample orientations. This enables the implementation of optical DNP in nanodiamonds and also in 13 C enriched samples with broad spectral line widths. We compare the performance of the different methods, where the experimental data are well supported by theoretical simulations.
The methods demonstrated here could be applied to other promising systems like color centers in silicon carbide, where nuclear spin polarization has been also observed 28 . We believe that the results reported here will find an application in DNP NMR spectroscopy and MRI with chemically modified nanodiamonds as markers.
